Transmembrane potentials of A-V nodal cells in isolated rabbit hearts were recorded while the route of entry of atrial activity into the A-V node was changed by stimulating the atrium at a high, constant rate on either the crista terminalis or the interatrial septum. Atrial activity arising from the interatrial septum provided a less effective input to the A-V node, as shown by the occurrence of 2 : 1 A-V conduction block, compared to 1 : 1 during driving on the crista tenninalis at the same rate. The amplitude and rate of rise of the action potentials of most A-V nodal cells was smaller during driving on the interatrial septum, and many cells developed a larger or smaller "hump" in the repolarization phase, which was absent during stimulation on the crista terminalis. The pattern of A-V nodal excitation during stimulation on the crista terminalis was similar to that during spontaneous sinus rhythm, but was profoundly altered during stimulation on the interatrial septum. The results can be explained by assuming that an atrial wave front coming from the interatrial septum excites the atrial margin of the A-V node asynchronously, resulting in inhomogeneous conduction within the node, causing longitudinal dissociation. The results show that successful propagation through the A-V node is at least partly determined by the direction of the atrial wave front. This factor may play an important role during atrial fibrillation.
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JANSE mg/kg), and anesthesia was maintained with ether. The heart was rapidly removed and the preparation, containing the right atrium, interatrial septum, right atrial ventricular ring, and upper interventricular septum, was excised as described by Hoffman et al. (4) . The preparation was mounted in a tissue bath, which was perfused with oxygenated McEwen solution (5) at a constant rate of 10 ml/min. The composition of the solution was: 130.6 niM NaCl, 5.63 imt KC1, 2.16 imr CaCL, 24.17 mM NaHCO s , 1.19 ITIM NaHoPO.,, 2 g glucose/liter, and 4.5 g sucrose/ liter. The temperature was kept constant at 37 ± 0.1°C, the pH at 7.35 ± 0.05 (6) . Rectangular voltage pulses (2 times threshold, lasting 2 to 5 msec) were delivered through small bipolar silver electrodes, one pair of which was placed on the crista terminate, the other on the interatrial septum, as close to the coronary sinus as possible. Both stimulating electrodes were located at least 1 cm from the atrial margin of the A-V node. The stimuli were obtained from Grass stimulators and passed through stimulus isolation units. The stimuli could be passed from one stimulation site to the other by a hand-operated switch. Transmembrane action potentials were recorded by glass microelectrodes, filled with 3 M KC1, having a resistance of 15 to 35 megohms. The microelectrodes were coupled via a small Tyrode agar bridge to Ag-AgCl wire which led into a high-impedance input, capacitance-neutralizing amplifier (7) . Tip potentials were less than 10 mv.
To record bipolar surface electrograms from the atrium and the His bundle, a pair of silver electrodes was placed on the atrial surface (usually close to the stimulating electrode on the crista terminalis) and another pair on the His bundle. The location of the His bundle was traced with a microelectrode and could easily be detected by the characteristic shape of the action potential of the His bundle and the drasticchange in time of activation observed when the microelectrode was moved toward the adjacent atrial muscle. Tektronix type 122 preamplifiers were used for the recording of the surface electrograms. The extracellular and intracellular action potentials, together with the stimuli, were recorded on magnetic tape, using an Ampex FR 1300 instrumentation recorder. Recordings were made at a tape speed of 30 inches/sec. For time measurements, the tapes were played back at a speed of 7'i inches/sec, and the complexes were written on an Elema inkwriter at maximal speed, allowing for a time resolution of 480 mm/sec. The moment of activation of an A-V nodal cell was assumed to coincide with the moment the upstroke of the action potential was at 50% of its amplitude. The site of microelectrode impalement was observed through a dissecting microscope at a magnification of 16 times. The dimple in the surface of the tissue caused by the microelectrode was taken as a reference and plotted on graph paper with relation to anatomical landmarks. The classification of Paes de Carvalho and De Almeida of the various regions of the A-V node in AN, N and NH zones has been adopted (8) .
It is not known precisely how atrial activity reaches the atrial margin of the A-V node. It is assumed that stimulation on the crista terminalis 
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leads to an activation front which reaches the A-V node primarily via the crista terminalis, or posterior internodal pathway of James (9) . Stimulation on the interatrial septum would cause the excitatory wave to be carried mainly by the anterior intemodal pathway. Since these internodal tracts make contact with the A-V node at different locations, the use of the term "direction of the atrial wave front" implies that the A-V node receives its excitation at a different site when the crista terminalis is stimulated than when the interatrial septum is stimulated. The term wave front is used rather loosely; it is quite possible that several wave fronts excite the atrial margin of the A-V node when either atrial site is stimulated.
Results

CHANGES IN A-V NODAL TRANSMISSION CAUSED BY CHANGING THE SITE OF STIMULATION ON THE ATRIUM
Records of transmembrane action potentials of cells in the His bundle and of NH cells in the lower node, show that A-V propagation is hampered when the atrium is stimulated on the interatrial septum. As can be seen from Figure 1 , a 2:1 A-V block is present when driving at a fast rate on the interatrial septum (IAS), while 1 : 1 A-V conduction is maintained when the crista terminalis (CT) is stimulated at the same rate. In all 12 experiments a small range of driving rates existed at which A-V conduction block occurred when the site of stimulation was the interatrial septum, while the A-V node conducted at a 1:1 ratio when the crista terminalis was stimulated. In a typical experiment, 2 : 1 A-V block occurred at a basic cycle length of 218 msec during driving on the interatrial septum; when the crista terminalis was stimulated, the basic cycle length had to be decreased to 170 msec to initiate a 2 : 1 A-V block. Another example of the influence of the direction of the atrial wave front on A-V conduction is shown in Figure 2 . The nodal action potential following the first atrial complex arising from the crista terminalis shows a full amplitude and is propagated to the His bundle, although the interval separating it from the preceding full-blown action potential is much shorter than the interval between a propagated action potential and a nonpropagated local response when the interatrial septum is stimulated. This indicates that Circulation Research, Vol. XXV, October 1969 failure of transmission when driving on the interatrial septum was not caused by absolute refractoriness of the A-V nodal cell, but that the intranodal activation front was unable to excite this cell. (The slow diphasic deflection in the lower trace preceding the sharp His deflection is due to the activation of the surrounding atrial tissue. During stimulation on the interatrial septum this atrial complex is drowned in the stimulus artifact.)
INHOMOGENEOUS CONDUCTION
In Figure 3A the response of an NH cell is shown when switching the site of stimulation of the atrium. During stimulation on the crista terminalis, total A-V conduction time, defined as the interval between the stimulus artifact Figure 2 . See text for discussion.
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FIGURE 3
Changes in the configuration of A-V nodal action potential caused by changing the direction of the atrial wave front. Time sequence of excitation shown in diagram (msec), which is not on scale. The 100 mv calibration refers to the transmembrane potential. Abbreviations as in
and the His complex, was 116 msec. The cell was activated at 93% of total A-V conduction time. During stimulation on the interatrial septum, total A-V conduction time, again determined by measuring the time between stimulus artifact and His complex, was 180 msec. A slight increase in rate prolonged this interval to 196 msec (Fig. 3B ). When stimulating the interatrial septum, the cell was activated at 60% to 70% of total A-V conduction time, indicating that the pattern of A-V nodal excitation had changed. The action potential had a lower amplitude, a lower rate of rise and a longer duration; it now showed all the characteristics of a typical N cell. In Figure 3B this cell, when driven at a slightly faster rate on the interatrial septum, shows a double response. In fact, the majority of A-V nodal cells develop a second "hump" in their action potential if the atrium is stimulated on the interatrial septum, whereas the action potential is "smooth" during stimulation on the crista terminalis ( Fig. 7 , bottom). The second response usually arises from the downstroke of the first. Although the possibility exists that the second hump is caused by activity arriving in the normograde direction over a converging pathway, the most likely explanation for this phenomenon, given by Mendez and Moe (10) , is that the first part of the action potential is caused by antegrade spread of activation, and the second hump is due to reexcitation by an activation front moving in a retrograde direction. Reexcitation due to functional longitudinal dissociation of the A-V node has been demonstrated (11, 12) . This longitudinal dissociation can be used to explain the occurrence of atrial echo beats. In Figure 4 , representing recordings from the same cell as in Figure 3 during stimulation on the interatria] septum, an example of an atrial echo beat is shown. This echo beat occurred at the moment the frequency of stimulation was slightly increased, so that the atrial complex can be regarded as a premature beat. This procedure never resulted in the occurrence of echo beats when the crista terminalis was the site of stimulation. The time of occurrence of the second hump in relation to the moment of activation of the His bundle, and the subse- Same cell as in Figure 3 quent appearance of an atrial complex of a different configuration make it very probable that a functional longitudinal dissociation does indeed occur in the upper part of the A-V node when the interatrial septum is stimulated at a relatively rapid rate. Since the second response of the cell occurs before the bundle of His is excited, the point where the impulse starts its return route to the atrium is probably located in the N zone or the NH zone. Of course it is not possible to define the location exactly. It should be stressed that in this case and in the others where echo beats were seen, the driving rate was relatively slow (around 300 msec basic cycle length). Because the atrium was usually stimulated more rapidly, the appearance of echo beats could not always be detected, since the atrium was already being excited by the next driving stimulus. with enough decrement. Such abortive echoes have been described (11) . During rapid driving on the interatrial septum, we found that in nodal cells which were activated early, the first component of the action potential was large and the second hump was small. In cells activated later than 40% of the total A-V conduction time, the opposite relationship was present: the first part of the action potential had a small amplitude and the second hump was large. Thus, failure of the antegrade spread of activation resulted in a local response in cells close to the His bundle (first component) and failure of the retrograde spread of excitation gave rise to a local response in cells close to the atrionodal junction (second component). This is illustrated in Figure 5 . The action potentials of cells a, b, and c were not recorded simultaneously. Records b and c were taken within the same minute, record a 10 minutes later. Cells b and c were located in the middle node at the same location but at different depths; cell a was close to the atrial nodal junction. The driving frequency was the same, and total A-V conduction time differed not more than 15 msec (during driving on the crista terminalis, 130, 118, and 122 msec; during driving on the interatrial septum, 160, 145, and 150 msec). The numbers in the diagram indicate the timing of the upstrokes of both fast and slow responses, expressed as percent of total A-V conduction time. The lines connecting these numbers might suggest a marked difference in velocity of spread of excitation in antegrade and retrograde directions when stimulation is on the interatrial septum. However, it is doubtful whether one can speak of excitation in the sense of actual traversal of a propagating wave front when a slow, low-amplitude response is recorded. The first component in cell c and the second component in cell a, during driving on the interatrial septum, are most likely due to electrotonic spread of activity in a nearby area. The term reexcitation is misleading because it suggests the occurrence of two active responses in the cell. It is used for want of a better word and indicates that the cell undergoes two separate excitatory influences.
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The slow, low-amplitude response may be due only to electrotonic spread, or to a combination of electrotonic spread and active response, as might be the case in the second component of the response of cell b. The diagram is only meant to demonstrate that stimulation on the interatrial septum gave rise to an inhomogeneous spread of excitation within the A-V node; in certain areas, concealment of both the antegrade and retrograde spread of activation occurred; the pathways over which both types of activity spread are unknown. The reason an activation front entering the node from the interatrial septum is less effective in exciting certain areas of the node is difficult to establish. Observations made in several experiments and illustrated in Figure 6 may give some clue to this problem. During stimulation of the crista terminalis the depolarization of a cell located in the early AN zone, occurs in two distinct steps, both fairly rapid and about equal in magnitude. During stimulation on the interatrial septum at the same rate, the depolarization of this cell seems limited to the first phase. It has been postulated (13) that the excitation of a single nodal cell, just distal to the atrionodal junction (early AN zone), normally results from activity arriving more or less synchronously over several afferent fibers. It would seem that this cell is subject to two excitatory events arriving over two (or more) afferent pathways during stimulation on the crista terminalis, resulting in a larger action potential with a notched upstroke. During stimulation on the interatrial septum, the cell undergoes only the excitatory influence in one afferent pathway and therefore shows a limited depolarization. It is of course impossible to state precisely which part of the upstroke is solely due to the active depolarization of the impaled cell, and which part is caused by depolarization of neighboring cells. It seems justified, however, to state that this cell, and the cells surrounding it, are subject to a larger excitatory wave when the crista terminalis is stimulated than when the interatrial septum is stimulated. This suggests that the atrial margin of the node is 
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Schematic drawing of the coronary sinus region. CS = ostium of coronary sinus; IAS = interatrial septum; CT = crista terminalis; HB = bundle of His; A W = atrioventricular valve.
The characteristic configuration of action potentials of cells in different areas of the A-V node is shown during stimulation on the crista terminalis at a fast rate (top), and during stimulation on the interatrial septum (bottom). Note the frequent occurrence of a 'double' action potential and the smaller amplitude of the action potential during stimulation on the interatrial septum compared with the action potentials of the same cells when driving on the crista terminalis at the same rate. Activation times as percent of total A-V conduction time. Inset: diagram of the possible course of the excitation fronts.
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asynchronously excited during stimulation on the interatrial septum. The smaller action potential which then occurs will be less effective in depolarizing subsequent cells. Therefore, the early AN zone is a weak link in A-V propagation during stimulation on the interatrial septum. In Figure 6 , the recording electrode on the atrial surface was located close to the stimulating electrode on the crista terminalis; therefore, when driving on the interatrial septum, the nodal cell was excited earlier than the surface of the atrium under the recording electrode. Both stimulating electrodes were, as in all experiments, located about 1 cm from the atrial margin of the node so that direct stimulation of nodal cells is highly improbable, as is also indicated by the fact that the stimulus artifact occurred well before the upstroke of the nodal action potential.
EFFECT OF THE ATRIAL STIMULATION SITE ON THE PATTERN OF A-V NODAL EXCITATION
In Figure 7 the characteristic configuration of action potentials and the moments of activation in different parts of the A-V node are depicted during stimulation on both atrial sites. Recordings were taken from three experiments. The driving rate was not identical for all action potentials, although of course for each cell the frequency remained constant when the stimulus site was switched. The driving rate varied from 195 to 220 msec, basic cycle length. In all instances there was 1 : 1 A-V conduction, although a slight increase in rate resulted in A-V conduction failure when driving on the interatrial septum. It can be seen that the following changes occur when the stimulus site is switched from crista terminalis to interatrial septum: (1) the amplitude of most nodal cells becomes smaller; (2) most cells develop a second hump in their action potentials, which is large in cells activated late and small in cells excited early; and (3) the pattern of nodal excitation changes. For the sake of clarity, not all data are depicted in Figure 7 . Because at one location superficial cells may be activated substantially earlier than deeper cells (11, 14) , it is difficult to establish accurately the course of the excitation front within the node. The diagrams are based on the activation times measured at 60 impalement sites in the three experiments. In view of the early excitation in Figure 7 (top) in the right part of the upper node (31, 33 and 34% of total A-V conduction time), the possibility exists that this part of the node may be activated via another route than the crista terminalis, for instance the anterior internodal pathway in the interatrial septum, especially since this part is the region excited earliest when the interatrial septum is stimulated. Our own experience, however, is that excitation spreads quite rapidly along the upper border of the A-V node, and this is also suggested by the figures of mapping experiments by others (8, 15) . Moreover, as can be seen in Figures 2  and 4 , it takes a considerable time for atrial activity to spread from stimulating electrode on the interatrial septum to the recording electrode near the crista terminalis, and this is probably true for spread of excitation in the reverse direction; the anterior intemodal tract may be activated later than the upper right area of the A-V node. Nevertheless, more experiments are needed to elucidate the exact way the atrial margin of the A-V node is excited. The diagrams are not more than a suggestion.
In Figure 8 , the activation times of A-V nodal cells during sinus rhythm and during stimulation on both atrial sites are plotted. The results of three experiments were pooled. The activation times are expressed as a percent of total A-V conduction time, since during stimulation on the crista terminalis and interatrial septum total A-V conduction time increased because the driving rate was well above the spontaneous sinus rate. Total A-V conduction time during sinus rhythm is defined as the interval between the deflections in the atrial electrogram and the electrogram of the His bundle. During driving, total A-V conduction time is defined as the time between stimulus artifact and His complex. On the abscissa, the moment of activation of individual nodal cells during spontaneous sinus rhythm is plotted; on the ordinate, the moment of activation of the same cells is plotted during stimulation on the crista terminalis (solid circles) and during stimulation on the interatrial septum (open circles). It can be seen that the solid circles are approximately on a line running at an angle of 45°. This indicates that the pattern of A-V nodal excitation during stimulation on the crista terminalis is similar to that during spontaneous sinus rhythm. The scattering of the open circles demonstrates that the pattern of A-V nodal excitation is profoundly altered when the atrial activation front comes from the interatrial septum.
Discussion
The propagation of impulses through the A-V node is determined by the excitability of the nodal cells and by the stimulating efficacy of the action potential (16) . In our experiCirculaiion Research, Vol. XXV, October 1969 ments, the level of excitability of the nodal cells must have been the same, whether the atrium was stimulated on the crista terminalis or on the interatrial septum, since the driving rate was kept constant when changing the site of stimulation. Changes in action potential configuration after switching the site of stimulation therefore reflect changes in the stimulating efficacy of the action potentials of cells proximal to the impaled cell. The efficiency of the action potential as a stimulus is indicated by its amplitude and by its rate of rise (17) . During stimulation on the interatrial septum the action potential of most nodal cells had a smaller amplitude and a slower rate of rise than during stimulation on the crista terminalis. These action potentials can be supposed to be less effective in depolarizing neighboring cells. Several authors have stressed the importance of summation as a factor determining successful propagation through the A-V node. Merideth et al. (16) stimulated nodal cells with an intracellular microelectrode and observed that successful excitation of a cell sometimes ocurred without subsequent propagation to the atrium or His bundle, while an earlier action potential initiated in the atrium was part of an excitation front which traversed the node successfully. Watanabe and Dreifus (18) showed an example in which successful propagation occurred only when two apparently independent wave fronts were simultaneously engaged. The latter authors introduced the concept of inhomogeneous conduction as a mechanism causing conduction disturbances (12, 18) .
It is tempting to suggest that an atrial activation front coming from the sinus node or crista terminalis depolarizes the atrial margin of the node more or less synchronously, as a result of which a homogeneous front invades the node. Mapping experiments by other authors support this view (8, 15 ). An atrial wave front arising from the interatrial septum would not excite the atrial margin of the node synchronously, so that the node would be penetrated by several irregular wave fronts and conduction within the node would be inhomogeneous. A small front would succeed 448 JANSE in exciting the NH region, but would do so with difficulty, owing to a relative lack of summation. In other parts of the node excitation would fail. Those parts might communicate with the NH region and be subject to reexcitation by a front moving in a retrograde direction. This hypothesis explains the smaller amplitude and the second depolarization seen in so many cells when stimulating on the interatrial septum, as well as the longer total A-V conduction time, or higher degree of A-V block, when switching the site of •stimulation from the crista terminalis to the interatrial septum. The possibility exists that stimulation at different sites on the atrium would result in unequal stimulation of vagal fibers in the vicinity of the driving electrodes, which might influence A-V nodal transmission. It is known that one strong premature stimulus applied to the atrium in its refractory period liberates acetylcholine, resulting in a slowing of the sinus rhythm (19) . This effect appears after several beats because acetylcholline needs time to diffuse through the tissue to reach the pacemaking site. One would expect that, if the occurrence of A-V block after switching the site of stimulation on the atrium were due to liberation of more acetylcholine at the new stimulus site, the A-V block would appear after a few beats instead of immediately after switching the stimulus site and would persist for some time when the site of stimulation was switched back to its original site. Bonke et al. have shown (20) that slight suprathreshold premature stimuli applied to the atrium via small bipolar electrodes influence the duration of the postextrasystolic pause to the same degree in preparations of atropinized rabbit atrium as in normally perfused preparations. They concluded that these stimuli did not liberate a sufficient amount of acetylcholine to influence the sinus rhythm. Although we did not perform experiments on atropinized preparations, it seems unlikely that stimulation of terminal vagal fibers influenced our results.
Another factor to consider is atrial conduction velocity. In Figure 7 , for instance, data are assembled from experiments in which the basic cycle length varied from 195 to 220 msec. If atrial conduction velocity varied at those cycle lengths, this might influence total A-V conduction time, and also, by altering the velocity of the wave front entering the A-V node, propagation within the node. Studies by Viersma (21) in the isolated rabbit atrium indicate that conduction velocity at those cycle lengths varies not more than 1% to 4%. Also, action potentials recorded from ordinary atrial cells are not affected, as far as configuration and amplitude are concerned, by changes in site of stimulation.
Mendez and Moe (11) ascribed the longitudinal dissociation to differences in refractory period of two areas in the upper node. In our experiments, longitudinal dissociation seems to have resulted rather from the way the excitatory front is distributed within the node. An additional factor causing longitudinal dissociation could thus be asynchronous excitation of the atrial margin of the node, leading to inhomogeneous conduction within the node. James (9) has stated that "on an anatomic basis one must predict that the major internodal conduction route in the rabbit should be through the anterior internodal pathway and the interatrial conduction route through Bachmann's bundle. However, the possibility exists of better conduction through smaller anatomical paths." In our experiments, stimulation of the interatrial septum would probably result in excitation of the anterior internodal pathway, and this route would carry the excitatory wave to the A-V node. Our results indicate that the more efficient input to the A-V node is via the crista terminalis (the posterior internodal pathway) and that during spontaneous sinus rhythm, the excitation front enters the node primarily by this route (Fig. 8) . Functionally, therefore, the major internodal pathway in the rabbit heart is the crista terminalis. James and Sherf (22) stated that many input sites are available for the A-V node to its atrial margin. They suggested the possibility that the node can be excited in several different ways and that the shape of the depolarizing wave could determine A-V conduction, especially during atrial fibrillation. Our experiments do show, indeed, that the direction from which an atrial wave front approaches the A-V node is an additional factor determining the successful passage of an atrial impulse. This factor plays a role during atrial fibrillation.
